International workshop on remote sensing of snow and soil moisture by nuclear techniques
The workshop, held in Voss, Norway, 23-27 April 1979, was convened by WMO and organized in co-operation with IAHS and the Norwegian National Committee for Hydrology. There were 46 participants from 13 countries in the workshop, and the programme was based on three main topics:
Topic 1. Sources of natural gamma radiation, influence of water on gamma radiation, influence of radon, theory of the gamma radiation method.
Topic 2. Snow surveying by the gamma radiation technique. Topic 3. Soil moisture surveying by airborne techniques.
Topic 1 was expanded to include a general introduction to the problems of snow surveying and a very basic introduction to the theory of gamma radiation generation and attenuation. The organizing committee had arranged a field trip on the third day of the meeting. This included the participation in a snow course in the surrounding mountains and a flight a few hundred metres above the ground. The field trip was strongly appreciated as a realistic example, which helped many of the participants to a better understanding of the conditions under which gamma radiation surveying in mountainous areas has to be carried out.
Eighteen of the papers were reproduced by the Norwegian National Committee for Hydrology without editorial revision and distributed to the participants at the beginning of the workshop. Four of these papers are published in this Bulletin.
SNOW SURVEYING BY THE GAMMA RADIATION TECHNIQUE

Objectives
The main objective with snow surveying by the gamma radiation technique is river flow forecasting or to be more specific flood protection (USA, Canada, USSR, Finland), regulation of lakes (USA, Canada, Finland) and hydroelectric power production (Sweden, Norway, Finland). A possible spin-off is the better understanding of the distribution of the snowpack, which can help to improve existing hydrological models used in river flow forecasting.
Conditions
The conditions, under which the gamma radiation technique is applied, are highly variable. Extremes are the plains in the USA with a snowpack with relatively low variability and with a network of roads (every 1.6 km) which simplifies navigation, and the very rugged mountains, for example in Norway, with a highly variable snowpack and difficult weather and navigation problems. The difficulties encountered are of different kinds and often of different orders of magnitude in different areas. Some factors, which may limit the applicability of the gamma radiation techniques, are: low ground activity in combination with thick snowpacks; irregular snow cover (patches); too rugged terrain to fly; low technical level and infrastructure in the area (for example no available air strips and no trained personnel).
INSTRUMENTS AND METHODS
The conditions for airborne gamma survey are pretty well known as the result of several years of geological work, in which radiometric equipment is extensively used. In the initial snow survey work quite simple systems were used, with small detector volume and rate-meter read-out without selection. Along with the development towards more sensitive detectors of large volumes and spectrum analysers, the gamma radiation contributions from different sources, such as potassium, uranium and thorium, can now be identified. The more sensitive detectors have also made it possible to measure rather deep snowpacks over ground with low activity and also to fly at higher and safer altitudes.
One tendency is the development of complete systems for onboard real-time data processing.
The two-flight method, i.e. one flight in autumn to measure ground activity without snow and one when the snowpack is at its maximum, is the dominant method at present. One-flight methods based on the deformation of the energy spectrum as a result of the absorption in snow are gaining interest, but their potential has to be explored further.
PROBLEMS AND ERROR SOURCES
Snow surveying by airborne gamma radiation is a complex technique and many factors affect the precision. The most important problems and sources of error discussed during the workshop are mentioned briefly below:
( 1 ) Proper calibration of the instruments is a critical factor. Stripping coefficients have to be derived if spectrometric methods are to be used.
(2) Contributions from the aircraft and from cosmic radiation have to be isolated.
(3) Contributions from radon must also be isolated. They depend on the type of ground and the vertical mixing in the atmosphere. The problem might be of less importance in a climate like that in the Norwegian mountains with good ventilation.
(4) Weather conditions can be hazardous. (During the workshop two flights had to be postponed due to bad weather.) (5) The flight lines have to be planned carefully. Geology, navigation and flight conditions have to be considered as well as the representativity of the lines when extrapolating to areal snow cover.
(6) Accurate navigation is important. The precision demanded in navigation depends on the variability of the snowpack.
(7) Only limited experience has been attained on the effect of irregularities of the snowpack. It is, however, clear that the irregularities do lead to underestimations of the snow on the ground, due to the nonlinear attenuation of gamma radiation. The effect of irregularities can be dramatic in a mountainous area.
(8) The effect on the results of irregularities in the ground activity is little known.
(9) The effect of moisture in the upper soil layer has to be accounted for in some areas. When using the results for direct forecasts the soil moisture deficit interacts with the snowpack and might therefore be accounted for implicitly by using the snow measurements directly without correction.
(10) Radon daughters (i.e. 2l4 Bi) are frequently extracted and transported to the ground by precipitation and thus disturb both snow and soil moisture measurements shortly after rainfall or snowfall.
RESULTS
At the workshop results with airborne gamma radiation snow surveys were presented from the USSR, USA, Canada, Norway and Finland. With few exceptions the results were presented as a comparison between airborne gamma measurements and ground truth in the form of snow courses. Only one paper showed the end product, the hydrological forecast.
It was clear from the discussions that it is necessary to develop methods for the extrapolation from flight lines to areal snowpack and to hydrological forecasts. Because of the unavoidable systematic errors in this process several years of measurements will be needed (at least of the order of five) before the gamma radiation method can be truly operational. If the flight lines are regarded as indexes of the subsequent runoff and are not used for the estimation of the total snowcover, the number of years needed for calibration will increase.
COST-BENEFIT
The cost-benefit problem was only discussed in brief. It was concluded that the gamma radiation technique today is fairly expensive compared to other methods for forecasting snowmelt runoff. Therefore it is a very important future task to show forecasting results which clearly demonstrate its potential.
SOIL MOISTURE SURVEYING BY AIRBORNE TECHNIQUES
Under topic 3 both gamma radiation and microwave techniques were discussed.
Objectives
In general the main reason for remote sensing of soil moisture is that tremendous problems arise when extrapolating point values to areal averages. More specifically the use of airborne techniques was mentioned for the estimation of crop yield, input to hydrological models (forecasting), ground truth to satellite information and support for snow measurements by the gamma radiation technique.
Methods
Two different techniques, based on microwave (active and passive) and gamma radiation from the ground were discussed at the workshop. It was pointed out that the microwave method measures free water in the soil, has all-weather capability and can be used for different types of vegetation. Timber has a scattering effect, which disturbs the measurements. The gamma radiation method has also allweather capability and timber is less of a problem.
Both methods suffer from a dynamic penetration into the soil, as the depth to which water is measured depends on the soil moisture state. The problems with calibration of instruments, background radiation, navigation etc. are similar to those mentioned in the previous section.
Results
Some results from the USA, USSR, Canada and UK were presented. It was clearly demonstrated that snow measurements are ahead of soil measurements as far as airborne nuclear techniques are concerned, while the situation is the opposite for microwave methods.
RECOMMENDATIONS FOR THE FUTURE
In view of the rapid development in the field of remote sensing of snow and soil moisture by nuclear techniques the workshop recommended to WMO that consideration should be given to the convening of another workshop on this subject in two or three years' time.
The need for guidance material was discussed and it was concluded that at the present stage the techniques are in rapid development and that this question therefore should be discussed further at the suggested forthcoming meeting, when more operational experience would be available.
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